Introduction
Respiratory and enteric diseases are the two most common and costly diseases in cattle industry worldwide. In the USA, respiratory ailments account for 40-50% of feedlot deaths (Hilton, 2014; Snowder et al., 2006) . Based on a National Animal Health Monitoring System's (NAHMS) Beef Feedlot study conducted in 2011, approximately 2.29 million US beef cattle in feedlots are affected by respiratory diseases costing around 54.12 million US dollars annually for the treatments (USDA-APHIS-VS, 2013; Johnson and Pendell, 2017) . In the UK, an estimated 1.9 million animals are affected by bovine respiratory disease each year costing the UK beef industry approximately £60 million (NADIS, 2007) . Enteric diseases are responsible for more than a half of deaths among pre-weaned dairy calves in the USA and other countries (Gomez and Weese, 2017; Cho and Yoon, 2014; Hur et al., 2013; Azizzadeh et al., 2012) . Both respiratory and enteric diseases continue to be major health threats to the global cattle industry despite many intervention strategies such as vaccination, medications, and herd management.
Bovine respiratory disease complex (BRDC) is multi-factorial in origin and involves a complex interaction between host, pathogen and environmental factors that makes its diagnosis, prevention and control a challenging task (Mosier, 2014) . Several viruses and bacteria, including mycoplasma are associated with BRDC. The most common viral pathogens associated with BRDC are bovine respiratory syncytial virus (BRSV), bovine parainfluenza virus-3 (BPI-3), bovine viral diarrhea virus (BVDV), and bovine herpesvirus 1 (BoHV-1). The role of some viruses such as bovine coronavirus (BCoV) and bovine rhinitis A virus, in BRDC pathogenesis, is being increasingly recognized (Murray et al., 2016) . Some of these viral infections alone may not result in any clinical disease, but lead to secondary bacterial infections resulting in severe respiratory disease. Bacterial species that are commonly associated with BRDC are Mannheimia haemolytica, Mycoplasma bovis, Histophilus somni, and Pasteurella multocida (reviewed in Griffin et al., 2010) .
Like BRDC, bovine enteric disease (BED) in neonatal calves is often caused by concurrent infection of multiple pathogens of viral, bacterial and/or protozoan origin (Foster and Smith, 2009 ). Establishment of pathogenic infection in the alimentary epithelium leads to secretion, malabsorption or maldigestion leading to enteritis and scours. Among viral agents, group A bovine rotaviruses (BRoV) and enteropathogenic BCoV are the leading causes of diarrhea in young calves (Dhama et al., 2009; Boileau and Kapil, 2010) . Additionally, BVDV and BRoV group B and C are also considered as causative agents of scours. Besides viruses, several bacteria including pathogenic strains of Escherichia coli, Clostridium perfringens, and Salmonella are associated with BED. Eimeria species and Cryptosporidium parvum are the major parasitic protozoans that cause diarrhea in young calves.
Given the multiple etiological nature of BRDC and BED, accurate and rapid identification of pathogen(s) involved is crucial towards effective treatment and prevention of such diseases. The current diagnostic assays for BRDC and BED include pathogen isolation, serology and detection of pathogen-specific nucleic acids using polymerase chain reaction (PCR) based methods. While many of such assays target single pathogens, few assays have been developed for simultaneous detection of multiple pathogens in a single reaction (Vilcek et al., 1994; Decaro et al., 2012; Angen et al., 1998) . These multiplex assays depend on pathogen differentiation based on the size of PCR amplicons, and therefore requires gel-electrophoresis following PCR amplification. Recently several multiplex real-time PCR assays have been developed to detect pathogens associated with BRDC and BED (Horwood and Mahony, 2011; Marley et al., 2008; Thonur et al., 2012; Cho et al., 2010) . Alternatively, a real-time PCR based system was described that includes multiple reactions in one-run with similar thermal cycling conditions for detection of BRDC and BED pathogens (Kishimoto et al., 2017; Tsuchiaka et al., 2016) . Although these real-time PCR assays are rapid and highly sensitive, their multiplexing capability at present is restricted by the availability of limited number of compatible fluorescent dyes.
The DNA microarray platform is suitable for multiplex detection of many targets in a single sample and has been widely used for multiplex pathogen detection (Kostrzynska and Bachand, 2006; Yadav et al., 2015) . Conventional microarray requires a substantial amount of manual processing, multiple pieces of equipment for array preparation, and longer time for passive target-probe hybridization. Meanwhile, the new automated electronic microarray platform is rapid, user-friendly, and automates all steps from microarray capture probe printing to all post-PCR processing steps including electronically driven hybridization, washing and reporting (Lung et al., 2012) . Each electronic microarray cartridge consists of 400 individually activated probe binding sites that allow the probe layout to be customizable during each run based on the needs of the end user, in contrast to conventional glass slide microarray, where changes to the array layout is not possible once the arrays are printed. This allows the user to make changes to the detection probe panel if necessary and eliminates anticipation of the future needs before finalizing the array layout, which is the case with conventional microarray slide production. Furthermore, depending on the number of samples to be tested, not all probe binding sites on an electronic microarray cartridge need to be used on the initial run, and unused sites can be used in subsequent sessions (up to 10 times per cartridge). Electronic microarray based assays for detection of several avian, bovine, and swine viruses and bacteria have been described previously (Lung et al., 2012; Lung et al., 2015; Lung et al., 2016) .
This study describes the development and initial validation of multiplex PCR and oligonucleotide electronic microarray assays that can detect a total of seven respiratory pathogens, nine enteric pathogens and two pathogens that cause both respiratory and enteric diseases in a single run.
Materials and methods

Sequence databases
Sequence databases were created for selected target genomic regions of four BRDC-associated bacteria (M. haemolytica, H. somni, P. multocida, and M. bovis), three BRDC-associated viruses (BPI-3, BRSV, and BoHV-1), four BED-associated bacteria (C. perfringens, E. coli, S. e. Typhimurium, and S. e. Dublin), three BED-associated protozoa (E. zuernii, E. bovis, and C. parvum), two BED-associated viruses (BoRV and BoTV), and two viruses that are associated with both BRDC and BED (BVDV and BCoV) in cattle. Highly conserved genomic regions of these pathogens were identified through literature search, and all available full and partial nucleic acid sequences for each target were downloaded from the nucleotide database of the National Center for Biotechnology Information (NCBI). Upon removal of duplicated sequences with identical GenInfo identifiers (GI), multiple sequence alignments for each genetic target were created with MAFFT v.7.0 (Katoh and Standley, 2013) using default settings. Databases were maintained with BioEdit Sequence Alignment Editor v.7.1.9 (Hall, 1999) .
Primer design
Generated sequence databases were used to design four panels of multiplex PCR primers specific for BRDC viruses, BRDC bacteria, BED viruses, and BED bacteria and protozoa (Table 1) . When possible, primers were sourced from literature. New primers were designed using either AlleleID (Premier Biosoft International, Palo Alto, CA) or Pri-mer3web version 4.0.0 (Koressaar and Remm, 2007; Untergasser et al., 2012) . Except for a few instances, a single gene from each pathogen was targeted for PCR amplification. For M. haemolytica, the leukotoxin A (lktA) gene was selected to detect all serotypes, nmaA and tbpB genes were targeted to differentiate pathogenic serotypes 1 and 6 from commensal serotypes. For E. coli, heat-labile toxin (Lt) genes for Table 1 Multiplex PCR assays, target pathogens, genomic regions and primers. All reverse primers were synthesized with 5′GCA GTA TAT CGC TTG ACA 3′, the reverse complementary sequence of the Red Universal Reporter Probe, at the 5′ end. In addition to the pathogen specific primers, each assay consisted of DENV specific primers, (F) AAACCGTGCTGCCTGTAG/(R) TCTCTCCCAGCGTCAA (Sudiro et al., 1997) as internal control primers. † includes two primers. Tsunemitsu et al., 1999 identification of enterotoxigenic (ETEC) strains, Intimin (eae) and Shigalike toxin-1 (stx-1) genes for identification of enterohemorrhagic (EHEC) strains, and K99 gene for identification of enteropathogenic (EPEC) strains were selected. One pair of primers (a forward and a reverse primer) was used for amplification of each target virus except for 5′-untranslated region (5′UTR) of bovine viral diarrhea virus (BVDV). To cover the sequence diversity in the 5′ UTR region of BVDV and HoBi viruses, two forward primers and one reverse primer were used. All reverse primers were synthesized with the reverse complementary sequence of the red universal reporter probe at the 5′ end (Huang et al., 2009 ). In addition to pathogen-specific primers, each PCR primer panel contained primers for a selected 229 bp 3′ untranslated region of dengue virus (DENV) that was used as the internal control. Primer lengths and melting temperatures ranged from 19-29 bp and 45°-60°C, respectively (Table 1 ). The best combination of primers for each multiplex panel was selected upon examining various combinations of primers using AlleleID with default settings.
Probe design
Except for BVDV and pestivirus probes, which were adapted from previously published work, all microarray capture probes were newly designed using Primer3web version 4.0.0 ( Table 2) . The probes contained minimal secondary structures (dG ≥ −8.0 kcal/mol) and their lengths, GC contents, and melting temperatures ranged from 20-45 bp, 22-59%, and 53°-72°C, respectively. Specificity of each designed primer and probe were evaluated in silico by Nucleotide Basic Local Alignment Search Tool (BLASTn) homology search. Primers or probes that showed significant homology to any non-target species were excluded from further investigation.
Laboratory isolates, synthetic constructs, and nucleic acid extraction
A list of laboratory isolates and synthetic genetic materials used in the evaluation (specificity and sensitivity) and initial validation of these assays and their sources are listed in Table 3 . Specificity of each assay was further evaluated using nucleic acids from a comprehensive panel of non-target pathogens ( Supplementary Table 1 ). Target sequences of Breda virus, a BToV prevalent in North America or any other BToV strains or genomic RNA, were synthesized as gBlocks® gene fragments (IDT, Coralville, IA), cloned into pCR-Blunt II-TOPO vector (Life Technologies Inc., Carlsbad, CA, USA) and propagated in One Shot TOP10 chemically competent E. coli (Life Technologies Inc.) following the manufacturer's protocol. The plasmids were extracted from overnight liquid cultures using QIAprep Miniprep kit (Qiagen Inc., Hilden Germany) and the sequence information and the orientation of the insert were confirmed by DNA sequencing using the Eurofins sequencing services (Eurofins MWG, Louisville, KY). Extracted plasmids were used as templates for PCR amplification of the T7 promoter and the cloned gene target using M13 forward and reverse primers. The amplicons were purified using QIAquick PCR purification kit (Qiagen Inc.) according to manufacturer's recommendations and subjected to in vitro RNA transcription using MEGAscript T7 Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). The in vitro synthesized BToV RNA was treated with TURBO DNase (Life Technologies Inc.) to remove any template DNA, quantified using Qubit RNA BR Assay kit on Qubit 2.0 fluorometer, (both from Life Technologies Inc.) and used in multiplex PCR and microarray assay evaluation and validation.
QIAamp Viral RNA mini and DNeasy Blood and Tissue kits (both from Qiagen Inc.) were selected to extract nucleic acids from viral and bacterial pathogens respectively, based on the results from previous studies (Lung et al., 2015) following manufacturer's recommendations.
The analytical sensitivity of each multiplex PCR assay was determined using nucleic acids extracted from serially diluted laboratoryamplified isolates of each pathogen with known titers, when available. Titrated virus stocks of BVDV 1 and 2, BoHV1, BRSV, and BPI3 were from Prairie Diagnostic Services, Saskatoon, SK, and bacterial cultures of S. enterica Dublin and Typhimurium strains, and E. coli O101, O111 and O149 strains were kindly provided by Dr. John Fairbrother, Faculty of Veterinary Medicine, University of Montreal, QC. Cultures of M. haemolytica type 1, 2 and 6 were from the Lethbridge Research and Development Centre, Lethbridge, AB and P. multocida was from Manitoba Agriculture, Food and Rural Initiative, Winnipeg, MB. Titrated C. parvum oocysts were purchased from Creative Sciences, Scotland, UK.
Nucleic acids from viruses were extracted from 10-fold dilutions of titrated virus stocks. With respect to bacteria, frozen stocks of M. haemolytica strains, S. e. Dublin, S. e. Typhimurium, and E. coli strains were streaked onto LB agar plates and P. multocida onto 5% sheep blood agar plates. Following overnight incubation at 37°C, single colonies of each bacterium was harvested and inoculated into 5 ml of Miller's LB broth and incubated overnight at 37°C on a shaking incubator (150 rpm). On the next day, the cultures were enumerated using viable plate count method (Miller, 1972) . The cultures were standardized to 3.33 × 10^6 cfu/ml so that a 30 μl aliquot of each 10x serial dilution for each pathogen yielded CFUs to the nearest power of base 10 (i.e. 1 × 10 6 , 1 × 10 5 , etc.). Thirty microliters of each dilution were used for nucleic acid extraction.
Titrated stocks were not available for M. bovis, H. somni, E. bovis, E. zuernii, C. perfringens, BRoV A, B and C strains, and BCoV. Therefore synthetic gene fragments targeting the genes of interest of these pathogens were artificially synthesized and individually cloned into pBlueScript SK(+) expression vector (GenScript, Piscataway, NJ). For DNA targets, cloned plasmids were amplified, quantified and directly used in limit-of-detection experiments. For RNA targets, the plasmids with target sequences were subjected to in vitro RNA transcription using MEGAscript T7 transcription kit as described above (Thermo Fisher Scientific). Based on the DNA/RNA yield and the length of each target sequence, copy numbers were calculated using a copy number calculator (http://www.endmemo.com/bio/dnacopynum.php) and used to determine the analytical sensitivities of multiplex PCR assays.
Clinical samples and nucleic acid extraction
Clinical samples (Table 4 ) used in validation of the assays were from Prairie Diagnostic Services, Saskatoon, SK and Animal Health Centre, Ministry of Agriculture, Abbotsford, BC. The clinical samples for BRDCassociated pathogens included nasal swabs (n = 12) and lung tissues (n = 2), whereas for BED-associated pathogens, the clinical sample were feces (n = 13), intestinal tissues (n = 1) and rectal swabs. Nasal swabs (n = 10) and fecal swabs (n = 8) from clinically healthy cattle were obtained from the herd at the Lethbridge Laboratory of the Canadian Food Inspection Agency. DNeasy Blood & Tissue kit and QIAamp DNA Stool Mini kit (both from Qiagen inc.) were used to extract nucleic acid from BRDC clinical samples and BED clinical samples, respectively, according to the manufacturer's recommendations.
PCR and RT-PCR conditions
Initially, four pools of PCR primers were prepared (75 μM final concentration of each primer) to use in their respective multiplex PCR assays i.e. BRDC virus, BRDC bacteria, BED virus, and BED bacteria/ protozoa assays. As presented in Table 1 , the BRDC virus primer panel consisted of 12 primers targeting various genomic regions of five viruses. The BRDC bacteria panel consisted of 14 primers targeting four pathogenic bacterial species. The BED virus primer panel contained 13 primers targeting four viruses, and the BED bacteria/protozoa panel contained 20 primers targeting various genomic regions in seven pathogenic bacteria and protozoa. Forward and reverse primers for the DENV internal control were included in the total number of primers in each pool.
All four multiplex PCR assays were optimized for buffer and Table 2 Four Microarray panels and the capture probes used in identification of each target pathogen. Unless referred, probes were designed for the current study.
Organism Genomic Region Probe name Sequence PCR cycling conditions were 2 min of initial denaturation at 94°C followed by 40 cycles of 30 s at 94°C, 30 s at 55°C, and 40 s at 68°C, and 5 min at 68°C for final extension. The RT-PCR cycling conditions included an initial RT step of 30 min at 50°C followed by the same cycling conditions described above. Amplified products were visualized by gel electrophoresis using the QIAxcel Advanced System (Qiagen). The minimum number of target copies in a sample that could produce a detectable band by electrophoresis upon PCR amplification was considered as the limit-of-detection (LOD) for each multiplex PCR. Any loss of sensitivity due to multiplexing was evaluated by comparison of LODs between singleplex and multiplex PCRs for each target.
Electronic microarray
Based on the evaluation of 76 microarray capture probes, 58 probes were selected to generate the four microarray panels to detect the BRDC and BED pathogens ( Table 2 ). In addition to the pathogen-specific probes, each panel also consisted of a probe specific for the DENV internal control. The selected probes were validated on the NanoChip® 400 (NC400) electronic microarray platform (Nanogen, San Diego, CA), which is an "amplicon-to-answer" system that automates the post-PCR analytical steps i.e. array printing, electrophoretically-driven amplicon hybridization, washing, and reporting (Takahashi et al., 2008; Papatheodorou et al., 2010; Keen-Kim et al., 2006) . The NC400 microarray protocol was carried out as previously described by (Lung et al., 2012) with modifications as described by (Lung et al., 2015) . Briefly, biotinylated capture probes (250 nM) prepared in 50 mM histidine buffer containing 0.05% Proclin, were electronically addressed ("printed") to selected electrodes (test sites) in duplicate on the NC 400 cartridge through the application of a positive 350 nA current for 30 s. After five washes of the cartridge with histidine buffer, unpurified PCR amplicons, diluted 1:8 in Cap-Down A Buffer (Nexogen Inc., San Diego, CA), were electronically addressed to selected test sites (800 nA for 120 s). After five more washes with histidine buffer, the cartridge was subsequently filled with low-salt buffer (LSB) (Nexogen Inc.). Hybridized amplicons were detected using 5′-Alexa Fluor 647 modified locked nucleic acid (LNA) variant (5′-/5Alex647 N/TGT + CA + AGCG + AT + AT + ACT + GC-3′) (IDT). The reporting protocol included washing of the microarray cartridge with LSB at 2°C temperature increments between 24°C and 60°C. An image was taken at each temperature increment, and the raw fluorescent intensity (FI) data from all utilized electrodes at each temperature increment were obtained and analyzed using Microsoft Excel. For each probe, positive-to-no-template control (P:N) ratios were calculated by dividing the FI value from each analyte by the FI value produced by the no template control (NTC). For each assay, samples that produced P:N ratios of 2.0 or greater were considered positive. Average P:N data derived from the microarrays were visualized with a heat map generated using Microsoft Excel. Based on preliminary data, P:N ratios calculated using FI values at 50°C were considered as optimum and used throughout this study.
Amplicons generated by multiplex PCR using 10-fold serial dilutions of each target were used to determine the detection limits of the microarray ( Table 5 ). The highest dilution of the target that resulted in P:N ratio of 2 or higher was considered as the LOD of the electronic microarray for that target.
Results
Four separate multiplex PCR assays were designed to amplify selected genetic targets from BRDC-associated viruses, BRDC-associated bacteria, BED-associated viruses, and BED-associated bacteria and protozoa, respectively (Table 1) . Each assay was successfully validated using a panel of laboratory isolates of target (Table 3 ) and related nontarget pathogens ( Supplementary Table 1 ). PCR using each primer panel specifically amplified intended size PCR products that ranged from 203-584bp (Fig. 1) . There was no detectable amplification when non-target pathogens were used as templates. In addition to the targetspecific primers, primers for DENV internal control were also included in each panel (Fig. 1) . Simultaneous inclusion of all relevant targets and the internal control in each assay generated multiple bands of expected sizes respectively (Fig. 1) .
2 Oliver Lung, unpublished. BVDV 1, 2, Hobi virus, pestivirus common and BCoV probes are present in both Respiratory and Enteric Virus panels. 
Multiplex RT-PCR for BRDC and BED viruses
All respiratory and enteric viral pathogens targeted in this study are RNA viruses except for BoHV-1, which is a DNA virus. RT-PCR was performed to amplify BRDC and BED viral targets using respective multiplex primer panel. Optimized five-plex RT-PCR assay targeting BRDC viruses could successfully amplify genetic targets from all three BRDC-specific viruses (BoHV-1, BRSV, and BPI-3) and two viruses that are associated with both respiratory and enteric diseases (BCoV and BVDV). Primers targeting BVDV were able to amplify ∼280bp region of 5′UTR sequence of type 1 and 2 strains of BVDV as well as HoBi virus (a.k.a. BVDV type 3). Differentiation of each type of BVDV upon PCR amplification was achieved by the subsequent use of type-specific microarray detection probes (see below). With respect to the BED virus assay, the optimized RT-PCR assay included primers specific for BToV and BRoV along with primers specific for BVDV and BCoV. The BED primer panel consisted of two sets of BRoV-specific primers, one set targeting 467bp segment of VP6 gene of BRoV type A and C and another set targeting a 584bp segment of the same gene of BRoV type B. As observed by using laboratory strains of target pathogens or transcribed RNA (Table 3) , both the BRDC and BED assays generated PCR products of expected sizes without any detectable cross reaction (Fig. 1) .
Multiplex PCR for BRDC and BED bacteria/protozoa
Multiplex PCR assays for bacterial pathogens associated with BRDC and bacterial and protozoan pathogens associated with BED were successfully optimized and validated using laboratory isolates, when available, and synthetic genetic material (Table 3) . With a view of potential simultaneous testing of a single sample for both RNA and DNA pathogens, PCR cycling conditions used for bacterial assays were the same as those used in the RT-PCR. The additional step of 50°C for 30 min (i.e. conditions for RT step) before the PCR did not have any detectable negative impact on the amplification of DNA targets (data not shown). Optimized multiplex panels for both BRDC and BED pathogens targeted one gene from each pathogen except for M. haemolytica and E. coli. With respect to M. haemolytica, the assay consisted of three sets of primers targeting lktA, nmaA, and tbpB genes (Table 1) . By doing so commensal M. haemolytica strain type 2 (lktA+, nmaA-, tbpB-) was successfully differentiated from potentially pathogenic type 1 and 6 strains (lktA+, nmaA+, tbpB+) (Klima et al., 2014a, b) . Similarly, genes encoding four virulence factors in various strains of E. coli were targeted in the BED bacteria/protozoa assay. As expected, the assay could amplify respective target genes from each E. coli strain used, namely, O157:H7 and O111 (stx-1+, eaeA+, Lt-, K99-), O149:H10 (stx-1-, eaeA-, Lt+, K99-), and O101 (stx-1-, eaeA-, Lt-, K99+) ( Fig. 1 and Table 3 ).
Electronic microarray
A total of 58 microarray detection probes targeting BRDC and BED pathogens were selected based on their reactivity on the microarray through preliminary screening (Table 2 ) and successfully validated on NC400 electronic microarray platform using multiplex PCR amplified products generated using laboratory isolates or synthetic genetic material (Table 3 and Fig. 2a-d) . Panels specific for BRDC-associated pathogens ( Fig. 2a and b) consisted of 32 probes targeting five viruses and four bacteria. Meanwhile, there were 36 probes in the finalized BED Table 4 Validation of current multiplex PCR and capture probes in electronic microarray using clinical samples. Genetic material from each sample was amplified using BRDC (a) or BED (b) viral and bacterial multiplex PCR/RT-PCR assays. +: microarray detectable reaction, § initial results from provincial diagnostic laboratories. ¶ Initial diagnosis at the species level (without genotype). (Fig. 2c and d) that were designed to detect four viruses, four bacteria and three protozoa that are associated with neonatal bovine diarrhea. As BCoV and BVDV are associated with both respiratory and enteric ailments in cattle, probes specific for BCoV and for different strains of BVDV were included in both BRDC and BED panels. In addition to the pathogen-specific probes, each panel consisted of two control probes, a negative probe and a probe specific for the dengue virus internal control. All target pathogens were accurately detected by their respective probes without any cross reactivity. In the BED viral assay, upon amplification of VP6 gene of BRoV A and C strains using the same set of PCR primers, two strain-specific detection probes for each strain could differentiate between them. Similarly, the Breda virus, a BToV found in North America (Hoet and Saif, 2004) was accurately differentiated from the other bovine toroviruses by using species-specific detection probes (Table 3 ). In both the BRDC and BED viral assays, while BVDV 5′UTR was amplified in multiplex RT-PCR using common primers, each strain, namely BVDV 1 and 2, and HoBi virus, was accurately differentiated in the electronic microarray using strain-specific probes alongside the BVDV common probes (Table 3) . Two laboratory isolates of BCoV and BRSV produced an additional PCR product corresponding to the size of BVDV amplicon by RT-PCR and reacted with BVDV detection probes ( Fig. 2a and c) suggesting a possible contamination of the original isolates with BVDV, which was confirmed by subsequent sequencing of PCR amplicons (data not shown). In order to exclude potential contamination of the samples during the assay, the presence of BVDV genomes in the original BCoV and BRSV isolates was confirmed by PCR and sequencing. The source of BVDV contamination in these samples was not investigated but could be non-irradiated fetal bovine serum used in cell culture during virus isolation.
Analytical sensitivity and specificity
Analytical sensitivities of multiplex PCR and subsequent microarray detection for all 23 pathogens (27 gene targets) were determined using series of dilutions of each target (Table 5 ). All multiplex PCR assays could detect as few as 1-10 copies of most target genes (n = 21). The lowest sensitivity, 1000 copies/reaction, was observed for the BToV N gene in vitro transcribed RNA. The analytical sensitivities of the microarray capture probes were comparable to those of the multiplex PCR assays for most targets. Several targets including BPI-3, BVDV-2, BRoV B, BRoV C, BToV, M. haemolytica (tbpB and lktA), E. zuernii, C. parvum, S.e. Dublin, and E. coli (stx-1, Lt, and K99), showed a 10-fold drop in microarray sensitivity as compared to the corresponding multiplex PCR assay ( Table 5 ).
The specificity of each assay was demonstrated by testing a panel of related non-target pathogens including other bovine pathogens and coronaviruses, herpesviruses and pestiviruses from other species ( Supplementary Table 1 ). As there was no detectable amplification with any of the related non-target pathogens by multiplex PCR, only a few randomly selected reactions were tested on the electronic microarray and observed no positive reactivity, as expected (data not shown). Fig. 1 . QIAxcel images of a representative set of BRDC (a) and BED (b) target pathogens amplified with multiplex PCR assays. In each multiplex PCR, primers specific for the 3′ untranslated region of the dengue virus were also included to detect dengue virus internal control (229bp). No amplification was observed in no template controls (data not shown). *BVDV contamination. # M. Haemolytica type 1 expressing nmaA, tbpB and Lkt genes. ψ lanes 1, 2, and 3 contains E. coli strains O157:H7 (expressing eae and stx-1), O149:H10 (expressing Lt), and O101 (expressing K99), respectively. @similar size bands were produced for different strains by PCR and subsequently were differentiated by electronic microarray. The heat maps depict positive to negative (PN) fluorescent ratios where PN ratios ≥2 are shown in red and PN ratios < 2 are in black. The reactivity of specific reactions between targets and each pathogen-specific probes is outlined in yellow. NTC = No template control, NSBP = Non-specific binding probe negative control, IC = internal control (DENV), *BVDV contamination. # Sample 51 was weakly positive (just above the cut-off) for E. zuernii and dengue armored RNA and therefore represented as faint red bands in the heat map (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
Clinical validation of the finalized multiplex PCR-electronic microarray assay
Performance of the multiplex PCR-electronic microarray assay was evaluated using a panel of clinical samples collected from cattle with respiratory and/or enteric ailments (Table 4 ). According to the diagnostic records from provincial laboratories, most of the samples had tested for a single pathogen only. However, while confirming the original detection, we could demonstrate the presence of multiple pathogens in most samples. Where multiple pathogens were detected, any false positive reactivity was ruled out by demonstrating amplicons of the respective sizes by singleplex PCR using pathogen-specific primers, followed by Sanger sequencing. Among samples collected from clinically healthy animals, several produced faint non-specific bands of various sizes by multiplex PCR. However, such samples did not generate any positive signal on any target specific probe on the microarray (data not shown).
Discussion
Identification of causative pathogens by isolation is the gold standard in affirmative diagnoses of infectious diseases. However, isolation of pathogens is difficult in many routine diagnostics due to long turnaround times and for practical reasons such as the requirement of specialized facilities, culture conditions, and high level of technical expertise as well as sensitivity to sample degradation. In contrast, detection of pathogen-specific nucleic acid by PCR-based assays is a rapid, highly sensitive and cost effective alternative method for detection of infectious agents in clinical samples. In many cases, PCR-based assays also show significantly higher sensitivity than conventional culture methods (Bell et al., 2014; Shanthalingam et al., 2014) .
Several previous studies documented the development of PCR-based assays for detection of pathogens associated with bovine respiratory and enteric diseases. However, most studies target either a single or a limited number of pathogens. Given the multifactorial nature and frequent involvement of multiple pathogens, a comprehensive assay that could simultaneously detect multiple pathogens is essential for rapid diagnosis and effective control of these economically significant diseases.
This study describes the development and initial validation of four highly sensitive multiplex PCR assays and their respective electronic microarray assays for detection and differentiation of a total of 22 important viral, bacterial, and protozoal pathogens associated with respiratory and enteric diseases in cattle. The newly developed BRDC assays could successfully detect and differentiate four bacteria and five viruses, while the BED assays could detect and differentiate six viruses, four bacteria, and three protozoa. As demonstrated with laboratory strains as well as clinical samples, both the BRDC and BED assays could simultaneously amplify and detect multiple pathogens present in a single sample.
As demonstrated using a limited number of clinical samples collected from the field, both BRDC bacterial and viral assays could successfully detect and differentiate multiple pathogens in a single sample (Table 4 ) it is notable that the initial diagnosis of clinical samples by corresponding laboratory was reproduced in most cases by the current multiplex assay. However, despite the demonstration of the presence of multiple pathogens, we were unable to reproduce the historically reported detections in a few cases, potentially due to possible sample degradation. While limited access to clinical samples is a hurdle, this highlights the need for use of an adequate number of freshly collected samples for assay validation. BRDC-associated viruses such as BoHV-1, BVDV, and BPI-3 alone can be primary pathogens, and often lead to BRDC of multiple etiologies through immunosuppression and damage to the respiratory epithelium (Srikumaran et al., 2007) . Determination of the non-viral etiological organism(s) of BRDC is often challenging as many of the bacterial agents such as H. somni, P. multocida, M. bovis, M. haemolytica causing BRDC are part of the commensal flora of the upper respiratory tract of cattle (Angen et al., 2009 ). These opportunistic microbes increase in numbers and/or migrate to the lower respiratory tract (trachea and lungs) when the host is stressed or immunocompromised due to concurrent viral infections. Although detection of these pathogens in nasal or oral swabs may have less diagnostic value, the presence of these bacteria in tracheal swabs or lung tissues is indicative of their role in BRDC.
Although several molecular assays have been developed to detect multiple BED pathogens (Fukuda et al., 2012; Asano et al., 2010; Loa et al., 2006; Tsuchiaka et al., 2016) , to our knowledge, the viral and bacterial/protozoa assays described here are the most comprehensive assays published to date for detection and differentiation of BED causative pathogens in a single reaction. A multiplex PCR assay for detection of five BED-associated viruses, namely BCoV, BRoV (strains A, B, and C) and BToV has been described previously (Fukuda et al., 2012) . In addition to those pathogens, the NC400 BED viral assay could detect and differentiate BVDV 1, 2, and HoBi virus and differentiate Breda virus, which is prevalent in the North America from other toroviruses. E. coli is commensal bacteria in the gut. Therefore, virulence factors associated with pathogenic strains of E. coli have been used to differentiate commensal strains from those that cause disease in calves (West et al., 2007; Sharma and Dean-Nystrom, 2003; Sharma, 2006) . By including a combination of virulence genes that are associated with pathogenic E. coli strains, the NC400 BED viral assay could differentiate pathotypes such as enterohemorrhagic (stx-1+, eaeA+), Enterotoxigenic (Lt+), and enteropathogenic (K99+) E. coli strains from Table 5 Limits of detection of each target used in this study are expressed as the minimum number of target gene copies in 25 μl PCR volume needed to produce a band visible by gel electrophoresis (detection limit of multiplex PCR) or to produce a reactivity of > 2 PN ratio by electronic microarray (detection limit in electronic microarray). those which are commensal inhabitants of the normal gut microflora. The current assays showed an overall high level of sensitivity for the detection of target pathogens however, when field-derived clinical samples are used, potential PCR inhibitors in the samples may reduce the sensitivity of these assays. When the multiplex assays were combined with microarray detection a slight reduction (1/10 drop) in sensitivity was observed for several targets. However, given the potential high number of target pathogen particles present in clinical samples, the reduced sensitivity observed may not have a significant impact on the performance of these assays. Nevertheless, these assays should be further investigated through a comprehensive clinical validation, before applying to routine diagnostics.
Conclusions
In summary, new pathogen detection assays based on multiplex PCR and automated electronic microarray have been developed for comprehensive detection of bacterial, viral, and protozoal pathogens that are associated with BRDC and BED. With further clinical validation and subsequent deployment to veterinary diagnostic laboratories, these assays could be used for the rapid identification of pathogens in disease outbreaks and facilitate quick and accurate decision making for the control and treatment of economically important diseases of cattle. Furthermore, these assays could be very effective tools in epidemiological studies as well as screening of healthy animals to identify carriers, and those that may potentially develop BRD or BED. These assays are currently being adapted for use on a fully-integrated and fully-automated "sample-to-answer" system which reduces costs associated with labour, decreases turnaround time, and minimizes potential cross-contamination due to user intervention.
